INTRODUCTION
There is a great deal of interest in the filamentous haemagglutinin (FHA) of Bordetella pertussis, which is being considered as a component of a purified, low toxicity vaccine against whooping cough. This is based on studies showing the active protection of FHA against respiratory infection of rabbits (Ashworth et al., 1982; Irons & MacLennan, 1979) , intracerebral infection of mice (Robinson et af., 1981 ; Sat0 et af., 1981) and the passive protection of FHA antibodies against aerosol infection of mice (Sato et al., 1981) .
Although FHA has been isolated from both static liquid culture supernatants (Arai & Munoz, 1979 ; Arai & Sato, 1976 ; Irons & MacLennan, 1979) and extracts of cells grown on charcoal agar (Nakase et al., 1975) its chemical and physical properties have not been adequately described. FHA purified from liquid culture supernatants was found to be heterogeneous when examined by SDS-PAGE and contained major polypeptides of molecular weight 220000, 127 000 and 95000 (Irons & MacLennan, 1979; Robinson et al., 1981) , 126000 (Arai & Sato, 1976) and 160000,115000 and 90000 (Cowell et al., 1981) . Other workers (Arai & Munoz, 1979; Askelof et al., 1982) also purified FHA but did not examine their preparations by SDS-PAGE.
It is essential to determine the extent to which the heterogeneity of FHA is due to contamination with other antigens. The inherent specificity of monoclonal antibodies provides a means of analysing the structure of apparently complex proteins such as FHA. In this work we have used an electrophoretic transfer method (Towbin et al., 1979) and monoclonal antibodies to investigate the heterogeneity of FHA.
METHODS
Bacterialstrainsandgrowth conditions. Most work was done with the Wellcome 28 and Tohama Phase I strains of Bordetella pertussis obtained from P. Novotny, Wellcome Research Laboratory, Beckenham, Kent and C . R. Manclark, Bureau of Biologies, F.D.A., Bethesda, Md., respectively. Bordetella bronchiseptica (APM 21) was a strain isolated from vervet monkeys that produces FHA (Irons & MacLennan, 1979) . Strains were maintained as freeze-dried cell suspensions and recovered by growth on charcoal agar (Oxoid) containing 10 % (v/v) defibrinated horse blood and 0.2 units penicillin mi-'. For liquid cultures, the medium of Sat0 et al. (1974) 
was used. Enamel
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trays (39 x 26 x 3.8 cm) covered with loose-fitting lids were used for growth on a solid medium. The trays contained 1 litre medium prepared from 51 g charcoal agar (Oxoid), 12 g no. 3 agar (Oxoid), 300 units sodium penicillin G and lo4 units mycostatin and were inoculated with about 10' organisms from 48 h charcoal agar plates dispersed in 5 ml 1% (w/v) Casamino acids. After 48 h (B. bronchiseptica) or 72 h (B. pertussis) at 36 "C, the cells were harvested with water.
PuriJication of FHA. FHA was purified from static, 5 d culture supernatants as previously described (Irons & MacLennan, 1979) . Cell growths recovered from the solid medium were extracted by stirring for 2 min at 0 "C with 50 mM-Tris, 1 M-NaC1 (Tris/NaCl) pH 8.0 buffer using 1 ml buffer for each 100 mg wet weight of cells. The extract was centrifuged (226000 g, 2 h, 4 "C) in a Beckman Ti60 rotor and the supernatant concentrated about 12-fold by pressure dialysis against Tris/NaCl buffer. FHA was purified from the concentrated solution by Sepharose 6B chromatography. Cell growth from 10 trays gave 10-15mg purified FHA. The protein content of solutions containing purified FHA was determined by an automated Lowry method using bovine serum albumin as the standard.
Lipopolysaccharide. LPS was prepared from B. bronchiseptica (NCTC 8760) by the phenol-water method as described by MacLennan (1960) .
Monoclonal antibody production. Balb/c mice were immunized by subcutaneous and intramuscular injection of 50 pg FHA purified from the Wellcome 28 strain of B. pertussis in Freund's complete adjuvant. Further doses of antigen (50yg) in incomplete adjuvant were given intraperitoneally two or three times over a period of 2 4 months; 4 d after the final boost, spleen cells were harvested, washed in serum-free medium and fused with the non-secreting plasmacytoma P3NSl/l-Ag4-1 which was in the exponential phase of growth. The cell ratio used was two spleen cells to five NS1 cells. The fusing agent was 43% (v/v) PEG 4000 (Merck) with 5% (v/v)dimethyl sulphoxide. Cells were seeded directly into 10 x 24 well plates in RPMI 1640 medium (Gibco) containing 10% (v/v) foetal calf serum (FCS) and hypoxanthine-aminopterin-thymidine (HAT) medium (Littlefield, 1964) . Normal mouse peritoneal macrophages were used as feeder cells. After 7 d, the well: were fed with an equal volume of fresh HAT medium and 5-10 d later the supernatants from wells containing hybridomas were screened for antibody to FHA by indirect ELISA (Ashworth et al., 1982) . Plates were coated with FHA at 10 pg ml-and a horseradish peroxidase conjugate of rabbit anti-mouse IgG prepared by a periodate method (Nakane & Kawaoi, 1974) , was used to detect specific mouse antibody. Three days after testing, secreting hybrids were transferred to flasks in medium without aminopterin and cloned at least twice by limiting dilution using 96 well plates. Frozen stocks of early hybrids and the cloned products were kept in liquid N,. The class of immunoglubulin secreted by the hybridomas was determined by ELISA using an extra stage consisting of rabbit anti-mouse IgM, IgA, IgG or IgG sub-class (Miles) followed by a sheep anti-rabbit Ig enzyme conjugate.
To obtain monoclonal antibodies at high concentration for immunoprecipitation studies, hybridomas were grown as ascites by inoculating Balb/c mice with about lo6 cells i.p. 3-14 d after priming intraperitoneally with 0.5 ml pristane (Aldrich). Ascitic fluid was collected 12-25 d later.
Determination of mouse IgG content and anti-FHA actiuify of hybridoma supernatants. Mouse IgG was measured in a sandwich ELISA. Plates were coated with rabbit anti-mouse IgG (10 mg ml-l) and the conjugate was that used in the screening test described above. A solution of mouse IgG (Miles) of known protein concentration was used as a standard. The hybridoma supernatants and standard were titrated in duplicate and the mouse IgG content calculated from the difference in dilution which yielded 30% maximum colour development.
Anti-FHA activity was determined by titrating the hybridoma supernatants in duplicate in the assay used to screen clones (above). The activity of each supernatant was related to that of F1 (see Results), which was arbitrarily assigned a value of 100.
Electrophoresis. Routine analysis of FHA preparations and determinations of molecular weights were carried out by SDS-PAGE in 0.1 % (w/v) SDS, 11.7% (w/v) acrylamide gel rods (0-6 x 7.8 cm) at an acrylamide to bisacrylamide ratio of 76 to 1 (Parton & Wardlaw, 1975) . Proteins were dissociated by heating at 100 "C for 5 min in 1 % (w/v) SDS, 1 % (vh) 2-mercaptoethanol and about 15 yg applied to the rods, which were calibrated with Biorad high molecular weight marker proteins. Gels were stained with Coomassie blue R250. For transfer experiments, SDS-PAGE was carried out in slab gels (8 x 8 x 0.2 cm) prepared from the reagents used for the gel rods. Running gels contained 10% (w/v) acrylamide and stacking gels were cast without slot formers. After dissociation in SDS, 0.3 ml of a 0.5 mg ml-I FHA solution was applied to the gel. Transfer to nitrocellulose paper. Electrophoretic transfer of FHA polypeptides from SDS-slab gels to nitrocellulose paper was performed as described by Towbin er al., (1979) . The slab gel was washed for 30 min in 1.2 mM-Tris, 9-6 mM-glycine pH 7-8 buffer (transfer buffer) and placed with nitrocellulose paper (0.45 pm, Schleicher & Schull, Dassel, F. R. G.) between layers of foam sheeting and Whatman 3M paper. Plate electrodes constructed from 3 mm stainless steel mesh sealed on to rigid microplates (Linbro) were fixed on each face of this sandwich which was suspended in 4 1 transfer buffer. After electrophoresis at 100 V, 60 mA for 2 h, 1 cm strips of the nitrocellulose paper were treated with antibody as described below or stained with 0.05 % (w/v) amido black in 50% (vb) ethanol, 10% (v/v) acetic acid.
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Immunochemical detection of transferred polypeptides. After transfer, the nitrocellulose strips were stored overnight at 4 "C in 30% (v/v) FCS in 10 mM-Tris, 0.2 M-NaCl pH 8.0 buffer (FCS/Tris). Strips were rinsed in saline and rotated in tubes for 2 h at room temperature with antibody in FCS/Tris. Specific rabbit IgG with normal IgG as control was at 10 pg ml-I. Hybrid cell supernatants with parent plasmacytoma supernatants as control were used at 10% (v/v). After rigorous washing with saline, a horseradish peroxidase conjugate of either sheep anti-rabbit IgG or rabbit anti-mouse IgG was added (10 pg IgG ml-l); rotation was resumed for 2 h and the strips washed. The substrate, prepared from 2 ml 3-amino-9-ethyl carbazole (Sigma) in dimethyl sulphoxide (4 mg ml-l) mixed with 38 mlO.05 M-acetate pH 5 buffer containing 80 p1 100 vol. HtOt was added and colour developed for 5 min. The strips were finally washed in water.
Huemugglutination and haemagglutination-inhibition. All haemagglutination (HA) tests were performed in microtitre trays using goose erythrocytes (Irons & MacLennan, 1979) . Passive haemagglutination using goose erythrocytes coated with alkali treated B. bronchiseptica LPS was used to detect the presence of antibodies to B. bronchisepticu antigens in mouse ascites fluids. Purified FHA of specific activity 270000 HA units (mg protein)-was diluted at 0 "C with Tris/NaCl pH 8-0 buffer to 80-160 HA units ml-', 50 p1 samples of the hybrid cell supernatants were doubly diluted in cold phosphate-buffered saline (PBS) and 50 pl aliquots of the diluted FHA solution added to each well. After 15 min at 4 "C, 50 p10.5 % (v/v) goose erythrocytes in PBS was added and HAinhibition titres recorded after 2 h at 4 "C.
Immunodzxusion. Mouse ascites fluids were studied by double immunodiffusion using 1 % (w/v) agar dissolved in Tris/NaCl pH 8.0 buffer.
Antisera. FHA purified from culture supernatants of the Wellcome 28 strain of B. pertussis was dissociated by heating at 100 "C for 5 min in 1 % (w/v) SDS, 1 % (v/v) 2-mercaptoethanol. Rabbits were immunized with 240 pg SDS-FHA in Freund's complete adjuvant and boosted 3 weeks later with 160pg SDS-FHA in Freund's incomplete adjuvant. Control rabbits received equivalent amounts of SDS in adjuvant. The rabbits were bled for serum 6 weeks later. Rabbit antiserum to native FHA was prepared as previously described (Irons & MacLennan, 1979) . Isuefectric focusing. Samples contained 0.1 ml of a solution of FHA (2 mg ml-') mixed with 0-2 ml F1, F2, F5 and F8 ascites fluids. After 16 h at 4 "C, the precipitates were centrifuged off and washed several times with Tris/ NaCl pH 8.0 buffer followed by distilled water. The precipitates were dissolved in 0-05 m16 M-urea and analysed by isoelectric focusing in 2 M-urea, 5% (w/v) acrylamide gels containing 2% (v/v) Ampholines (pH range 3.5-10). The gels were stained with Coomassie blue R250.
RESULTS

SDS-PAGE of FHA
FHA purified from both solid and liquid cultures was contaminated with less than 1% lipopolysaccharide and with 0.1-0-3 % of the lymphocytosis promoting factor-haemagglutinin of B. pertussis. SDS-PAGE of FHA showed complex patterns of polypeptides with molecular weights ranging from about 220000 to 58 000 (Fig. 1) and did not contain bands corresponding to agglutinogen 2 or the phase-1 specific envelope proteins of molecular weight 28 000 and 30000 (Irons & MacLennan, 1979) . The complexity of the SDS-PAGE patterns of FHA varied with the strain of B. pertussis and the growth conditions. Thus, FHA purified from the Wellcome 28 strain grown on charcoal agar had a specific activity of about 300000 HA units (mg protein)-l, which is similar to values found by other workers (Arai & Munoz, 1979 ; Cowell et al., 198 l) , and showed mainly 2 components of molecular weight 220000 and 210000 (Fig. 1 a) . FHA purified from the Tohama strain grown on a solid medium or from liquid culture supernatants had a specific activity of 50000-100000 HA units (mg protein)-' and contained major components of molecular weight 127000 and 95000 and several lower molecular weight components (Fig. 1 c) . FHA of specific activity 200000-300000 HA units (mg protein)-' purified from 5 d culture supernatants of the Wellcome 28 strain gave SDS-PAGE patterns roughly intermediate between these two patterns (Fig. 1 b) . This intermediate SDS-PAGE pattern was also found when FHA was purified from 4 or 6 d culture supernatants of the Wellcome 28 strain and from culture supernatants of several other Phase I strains including clinical isolates from the 1978-79 outbreak of whooping cough in the U.K. There was a fivefold decrease in HA activity and complete disappearance of the 220000 and 210000 molecular weight components when FHA was stored in Tris/NaCl pH 8.0 buffer at 4 "C for 20 d (Fig. 2) . Densitometric scanning of the gels showed that loss of the highest molecular weight components was accompanied by about a 25% increase in intensity of staining of the components of molecular weight 127000 and 95000, while larger increases occurred in the concentrations of the components of molecular weight 76000 and 58000 (Fig. 2a, c) . The loss of HA activity and changes in SDS-PAGE patterns did not-occur when FHA solutions were stored at -20 "C and could be almost totally abolished by the presence of 1 mM-phenylmethylsulphony1 fluoride (PMSF) in the solution kept at 4 "C (Fig. 2b) .
Properties of anti-FHA monoclonal antibodies Nine hybridoma lines designated F1 to F6 and F8 to F10 secreting antibody specific to FHA were obtained from three fusion experiments (about 5 % of hybridoma lines tested). These were cloned twice by limiting dilution and on each occasion their monoclonality was checked by microscopic examination of the seeded wells for the presence of single clones. After the second cloning, 100% of the resulting clones secreted antibody and there was no evidence of loss of antibody secreting ability. The homogeneity of the hybridoma antibodies F1, F2 and F5, which react with SDS-dissociated FHA (see below), was assessed by isoelectric focusing of FHAantibody precipitates dissolved in 6 M-urea. Under these conditions, the antibodies were dissociated from FHA and showed microheterogeneity typical of monoclonal antibodies with isoelectric points between pH 6.0 and 6.6. F8 antibody did not form an immunoprecipitate with FHA and could not be studied by this method. All clones secreted IgG antibody. The sub-class of clones F1, F2, F3, F5 and F8 was IgGl while F4 was IgG2a. Other properties of clones F1 to F6 and F8 are shown in Table 1 . The specific anti-FHA activities of the hybrid cell supernatants Transfer of FHA polypeptides to nitrocellulose paper and reaction with antibodies The resolution of FHA polypeptides achieved by slab gel SDS-PAGE was not impaired by electrophoretic transfer on to nitrocellulose paper. However, the relative intensities of the transferred polypeptides when stained with amido black did not correspond to those of the original gels. Under our experimental conditions, the amount of polypeptide transferred from the 10% acrylamide slab gels was inversely related to molecular weight and was complete for polypeptides of molecular weight less than 70000 and about 50% for those of molecular weight 220 000.
When FHA purified from the Wellcome 28 strain of B. pertussis grown on a solid medium was separated by SDS-PAGE and transferred to nitrocellulose paper, it was found that hybrid cell supernatants F1, F2, F5 and F8 all reacted strongly with components of molecular weight 220000,210000,142000 and 135000 (Fig. 3) . F1 and F5 also reacted with 10 minor components of molecular weights between 210000 and 142000 and very faintly with about 13 components with molecular weights less than 135000. Hybrid cell supernatants F6 (Fig. 3e) , F3 and F4 (Table 1) and also F9 and F10 failed to react with SDS-dissociated FHA polypeptides on nitrocellulose paper as did other hybrid cell Supernatants used as controls.
Transfer experiments carried out with FHA purified from the Tohama strain of B. pertussis revealed a difference in reactivity between the hybrid cell supernatants. F l , F2, F5 and F8 all reacted very strongly with a component of molecular weight 127000 and with a minor protein staining band of molecular weight 76000 (Fig. 4) . In addition, F1 reacted strongly with a minor component of molecular weight 90 000 (Fig. 4 b) , while both F 1 and F5 detected about nine very faint components with molecular weights between 127000 and 76000. F2 and F8 appeared to have identical specificities (Fig. 4c, e) . None of the monoclonals reacted with the strong protein staining component of molecular weight 95 000 present in this preparation of FHA ( Fig. 1 c and  Fig. 4a) .
FHA purified from a vervet monkey strain of B. bronchiseptica gave a SDS-PAGE pattern almost identical to that of FHA from the Tohama strain of B. pertussis (gel not shown). Transfer experiments with B. bronchiseptica FHA showed that hybrid cell supernatants F l and F5 containing anti-B. pertussis FHA monoclonals reacted with components of molecular weight 127 000,76000 and 18000 (F5 only) but not with the 95 000 molecular weight component (Fig. 5) .
The 95000 molecular weight component (Fig. 6a) showed only a weak reaction with polyclonal rabbit antibodies to FHA (Fig. 6b) but did react strongly with rabbit antibodies to SDS-FHA (Fig. 6c) . In fact, all the SDS-dissociated FHA polypeptides reacted very weakly with a control rabbit antiserum raised against the SDS/mercaptoethanol reagents used to dissociate FHA (Fig. 6 4 . However, the reaction of the 95000 molecular weight component (Fig. 6c) was considerably greater than control levels.
DISCUSSION
FHA purified from B. pertussis contains multiple components when examined by SDS-PAGE. We have used monoclonal antibodies and an electrophoretic transfer method that retains the high resolution of SDS-PAGE to study this heterogeneity. Conventional crossed immunoelectrophoresis in agarose or non-SDS acrylamide gels could not be used for this work, since the protein is insoluble in alkaline buffers of low ionic strength, even in the presence of non-ionic detergents. The heterogeneity of FHA revealed by SDS-PAGE could signify either that a number of unrelated B . pertussis proteins are present or that FHA preparations are degraded to varying degrees. Arai & Sato (1976) originally reported that FHA is susceptible to degradation by papain and suggested that the polypeptides present in their preparations with molecular weights less than 126000 might be degraded forms of FHA but presented no experimental evidence to support this statement. The addition of the proteolytic inhibitor PMSF to FHA appears to reduce the loss of HA activity and changes in the SDS-PAGE patterns that occur when the protein is stored in Tris/NaCl pH 8.0 buffer at 4 "C. It therefore seems possible that the susceptibility of FHA to proteolysis occurring during both growth of B. pertussis and subsequent purification of FHA might indeed explain the complex SDS-PAGE patterns found with different preparations of FHA. If this explanation is correct, then it appears that the Tohama strain of B. pertussis is particularly susceptible.
The reaction of each of the monoclonal Antibodies F l , F2, F5 and F8 with the FHA polypeptide of highest molecular weight (i.e. 220000), which appears to consist of a single component, shows that each has a specificity for FHA rather than for other proteins that simply contaminate the FHA preparations. Also any lower molecular weight proteins reacting with the monoclonals must have identical determinants to the 220000 molecular weight protein and are probably derived from it. The results shown in Fig. 4 indicate that F2 and F8 possibly have the same specificity which is distinct from those of Fl and F5. As monoclonals antibodies are monospecific, the polypeptides separated by SDS-PAGE that react with F2, FS, F1 and F5 could represent single polypeptide chains bearing at least three antigenic determinants.
Although there is no information available about the secondary or tertiary structure of FHA, studies in solution with other proteins have shown that SDS-dissociated proteins with fully reduced disulphide bonds retain little native structure (Reynolds & Tanford, 1970) . It therefore seems likely, that the monoclonal antibodies F 1, F2, F5 and F8 react with SDS-dissociated FHA polypeptides on nitrocellulose paper via amino acid sequence determinants. By contrast, the showing that these proteins possessed common antigenic determinants. This conclusion has been confirmed by the reaction of a FHA purified from a vervet monkey strain of B. bronchiseptica with monoclonal antibodies produced against B. pertussis FHA. However, it is not known whether this structural homology extends to FHA purified from other strains of B. bronchiseptica. The low reactivity of the 95000 molecular weight component present in some preparations of FHA with both monoclonal and polyclonal rabbit antibodies could be due, either to alteration or masking of its antigenic determinants by SDS treatment, or to poor immunogenicity, perhaps because of its location within the FHA molecule. Rabbit antiserum raised against SDSdissociated FHA reacted as well with this polypeptide as with other components (Fig. 6c) . In this case, SDS treatment might have exposed a hidden determinant in the immunogen, or created antigenic determinants by the introduction of SDS groups into the molecule (Fig. 6 4 or by the formation of new regions of secondary structure (Mattice et al., 1976) .
There was no correlation between the ability of the monoclonal antibodies to inhibit HA activity or to form precipitates with FHA in immunodiffusion gels and their reaction with SDSdissociated FHA polypeptides on nitrocellulose paper ( Table 1 ). The formation of monoclonal antibody-FHA precipitates both in solution at 4°C and on immunodiffusion at room temperature suggests that FHA contains multiple antigenic determinants of the same specificity. However precipitate formation on immunodiffusion only occurred after 48 h exposure to temperatures of about 23 "C and under these conditions there was loss of HA activity and a change in the physical properties of the protein leading to the formation of FHA aggregates (work in progress).
FHA preparations that do not contain the 220000 and 210000 molecular weight components also have reduced specific HA activities (e.g. Fig. 2) . It is not known how many of the FHA polypeptides that are revealed by SDS-PAGE are also haemagglutinins. These polypeptides cannot be separated by gel filtration under non-denaturing conditions or by adsorption to liposomes containing cholesterol (Irons & MacLennan, 1979) . Further work is needed to establish the relationship between molecular size of FHA and HA activity.
